ABSTRACT The study of the bacterial transposons Tn10 and Tn5 has provided a wealth of information regarding steps in nonreplicative DNA transposition, transpososome dynamics and structure, as well as mechanisms employed to regulate transposition. The focus of ongoing research on these transposons is mainly on host regulation and the use of the Tn10 antisense system as a platform to develop riboregulators for applications in synthetic biology. Over the past decade two new regulators of both Tn10 and Tn5 transposition have been identified, namely H-NS and Hfq proteins. These are both global regulators of gene expression in enteric bacteria with functions linked to stress-response pathways and virulence and potentially could link the Tn10 and Tn5 systems (and thus the transfer of antibiotic resistance genes) to environmental cues. Work summarized here is consistent with the H-NS protein working directly on transposition complexes to upregulate both Tn10 and Tn5 transposition. In contrast, evidence is discussed that is consistent with Hfq working at the level of transposase expression to downregulate both systems. With regard to Tn10 and synthetic biology, some recent work that incorporates the Tn10 antisense RNA into both transcriptional and translational riboswitches is summarized.
GENERAL BACKGROUND
Tn10 and Tn5 are composite bacterial transposons (Fig. 1 ). Both these transposons, as well as their respective IS elements (IS10 and IS50), transpose by a nonreplicative cut-and-paste mechanism. Tn10/IS10 was the first bacterial transposon shown to transpose by the cutand-paste mechanism and as such provided an early model for this mode of transposition (1, 2) . In cut-andpaste transposition the transposon is first excised from flanking donor DNA by a pair of transposase-catalyzed double-strand breaks at each transposon end after which the excised transposon is inserted into a target site. Host repair of the transposon-target DNA junction completes the transposition process and leaves a characteristic target-site duplication.
IS10 and IS50 are both members of the IS4 family of insertion sequences and their respective transposase proteins share an approximately 20% amino acid sequence identity (3) . Both transposases catalyze four chemical steps at each of the two transposon ends. Remarkably, this involves repeated use of a single active site in each of the two transposase monomers that participate in the respective reactions (4, 5) . All of these chemical steps, which include first-strand nicking, hairpin formation, hairpin resolution, and target-strand transfer, take place in the context of a higher order protein-DNA complex [referred to as a transpososome (or Tsome for short)] in which the two transposon ends are held together through a series of protein-DNA and protein-protein contacts.
One major difference between Tn10 and Tn5 involves the protein composition of the respective Tsomes. The outside end (OE) of Tn10 contains a binding site for the integration host factor (IHF) (Fig. 2) . IHF binding to the OE produces a 180°bend in the DNA which allows transposase to make both terminal and subterminal contacts with the OE (6) . This appears to stabilize transposase binding to the OE DNA, as the formation of a stable Tsome is dependent on the presence of IHF (at least when the donor DNA containing the transposon lacks DNA supercoils) (7) . The inside end (IE) of IS10 does not contain an IHF binding site and, accordingly, the IS10 Tsome (OE × IE) is an asymmetric structure containing one folded end produced by IHF binding (OE) and one unfolded end (IE). Interestingly, the Tn10 Tsome (OE × OE) is also an asymmetric structure with one folded and one unfolded end, even though both OEs possess an equivalent IHF binding site (8) . Once the Tsome is assembled, IHF can be removed without compromising the structural integrity of the complex. In fact, the mechanical force associated with IHF release and the concomitant end unfolding has been linked to the chemical steps in transposition (9) . In addition, the position of the folded arm is known to influence target interactions. If one of the arms is refolded after full excision, self-destructive intramolecular transposition events are favored over intermolecular events. In contrast, if the arms stay unfolded, intermolecular transposition events are favored over intramolecular events ( Fig. 2) (10) . In contrast to Tn10/IS10, the DNA sequence requirements for Tn5/IS50 Tsome formation are much simpler as Tsome formation does not require that transposases make contact with two separate end-sequence domains. All of the determinants necessary for transposase binding and Tsome formation appear to be present within the terminal 20 bp of the end sequences (11) . Accordingly, there are no folded arms in the Tn5/IS50 Tsome and the structure is symmetric. However, there is evidence, discussed below (H-NS and Tn5 transposition), that another nucleoid-binding protein, H-NS, can bind to the Tn5 Tsome (or transposase single-end complex) and influence the efficiency of Tsome assembly (12) .
Both Tn10 and Tn5 are subject to multiple levels of regulation, most of which ensure that transposition frequencies are maintained at very low levels. Intrinsic factors, such as weak transposase promoters and protection against transposase production from readthrough transcription, are common to both elements and serve to limit transposase expression (13, 14, 15) . Other intrinsic factors are element specific, such as an antisense RNA system in Tn10 that limits transposase translation (16) , and the production of an inhibitor protein in Tn5 that interferes with transposase dimerization and subsequent end binding (17) (Fig. 1) . Extrinsic factors, including host-encoded proteins, also play key roles in limiting Tn10 and Tn5 transposition. For example, the expression of both transposase proteins is downregulated by Dam methylation of promoter elements in the respective transposase genes (18, 19) . IHF and Fis (factor for inversion stimulation) have also been identified as regulators of Tn5 transposition, although with the exception of the action of IHF in the Tn10 system, the mechanisms of action for the other factors have not been well defined (20, 21, 22) . In addition there is evidence that the transcriptional repressor LexA can repress Tn5 transposase gene transcription (23) . This latter observation may be particularly important given the evidence presented below that Hfq downregulates Tn5 transposase expression at the transcriptional level.
The most recent comprehensive reviews of Tn10 and Tn5 were published in 2006 and 2008, respectively (24, 25) . In the intervening period most of the research activity on these elements has been directed to furthering our understanding of how these transposons are regulated by their hosts. H-NS and Hfq are highly expressed proteins found in most enterobacteria and both have been implicated as regulators of Tn10 and Tn5 transposition. Interestingly, both proteins are known to play key roles in stress-response pathways and as such could link Tn10 and/or Tn5 transposition to the physiological state of cells (26, 27) . This is an aspect of bacterial transposition that has not been thoroughly studied even though there are many (mostly anecdotal) examples of transposition systems responding to stress conditions. One exception is the IS903 system, in which the response of this element to defects in purine metabolism has been worked out reasonably well (28) . Outside of host regulation there has been some new activity directed at further defining molecular details of the Tn5 and Tn10 hairpin reactions. In addition, there have been some interesting uses of Tn10 transposase RNAs in synthetic biology. Accordingly, this review will focus on these topics.
H-NS REGULATION OF TN10 AND TN5 TRANSPOSITION Background
H-NS is a highly expressed nucleoid binding protein that is widely distributed among enterobacteria. It is a potent transcriptional repressor that regulates a large number of genes, including many that are important in stress adaptation and virulence. H-NS has structure-specific DNA binding activity, preferentially binding A-T rich sequences as a consequence of DNA binding determinants that are exquisitely sensitive to the shape of the minor groove of DNA (29) . Given its well-defined role as a transcriptional repressor, it was unexpected that H-NS would be implicated as a positive regulator of Tn10 transposition (30) . It was perhaps even more surprising to find evidence that H-NS exerts its effects on Tn10 transposition through the direct binding to Tn10 Tsomes. At the time of the most recent review on Tn10 transposition the impact of H-NS on Tsome dynamics was just beginning to be investigated. The initial studies provided evidence that H-NS binds selectively to both folded and unfolded forms of the Tsome (see Fig. 2 for a description of these Tsome forms). The flanking donor DNA was found to provide important determinants for H-NS binding to the folded Tsome and it was further shown that H-NS binding induced Tsome unfolding and increased the yield of strand-transfer products (STPs), apparently without influencing steps in transposon excision (31) . In the sections below more recent results relating to H-NS function in Tn10 (and Tn5) transposition are discussed.
H-NS-Tn10 Tsome interactions
Understanding how H-NS functions in Tn10 transposition requires detailed knowledge of how it interacts with Tn10 Tsomes. Footprinting studies with WT H-NS protein, as well as biochemical analysis of H-NS "separation of function" mutants, provided important insights into this problem. H-NS readily forms dimers in solution and higher order oligomers on DNA. It can bind DNA nonspecifically (low affinity) and in a structure-specific manner (high affinity) (26) . P116S H-NS is a mutant form of H-NS that is defective in structure-specific DNA binding but that can still bind nonspecifically and form H-NS dimers (32, 33) . Unlike WT H-NS, this form of H-NS did not bind the initial folded Tsome and did not stimulate strand transfer in a full reaction (34) . Taken together with the requirement of flanking donor DNA for WT H-NS binding to the initial Tsome, the behavior of the P116S mutant described above is consistent with H-NS recognizing a distorted DNA structure in the flanking donor DNA as its primary binding determinant in the initial Tsome. Importantly, the formation of the initial Tsome is known to coincide with a structural deformation in the flanking DNA, as is the formation of the α-SEB, a form of Tsome in which flanking donor DNA has been removed from one end and the same end retains a folded configuration (8, 35) (Fig. 2) .
Interestingly, P116S and a truncated form of H-NS containing only the first 64 residues both bound an unfolded Tsome (34). The latter form of H-NS does not retain significant DNA binding activity but can form dimers (33) . Footprinting studies with P116S and WT H-NS revealed binding sites within the OE of the unfolded Tsome with one of these sites being close to where IHF normally binds. This raised the interesting possibility that H-NS binding within the core of the Tsome might help maintain a Tsome in an unfolded state. This may also have important implications for target recognition (see below). In addition, the finding that H-NS 1-64 retained Tsome binding capability further raised the possibility that a transposase protein provides determinants for H-NS binding. This was confirmed for WT H-NS in the context of an unfolded Tsome by proteinprotein cross-linking analysis. Thus, it appears that H-NS recognizes both structural features in the DNA of the Tsome and transposase protein to bind this transposition complex. At this point it is not clear which determinants are bound by H-NS first. However, since P116S and H-NS 1-64 do not bind stably to the initial folded Tsome it is likely that H-NS first engages the flanking donor DNA of the Tsome to induce an unfolding event that subsequently exposes additional H-NS binding determinants (transposase protein and/or OE DNA) in the unfolded Tsome (34) .
While H-NS is a highly abundant protein (∼20,000 copies per cell in Escherichia coli), it also has many potential binding partners. Accordingly, for H-NS to have an impact on Tn10 Tsome dynamics in vivo, the binding affinity of H-NS for Tsomes would have to be relatively strong. In fact, studies with an unfolded Tsome revealed that H-NS bound this complex with a K d of ∼0.3 nM (36). Prior to this work the H-NS-proU interaction (K d ≈ 13 nM) was the highest affinity H-NS-DNA interaction defined (37) . The 40-fold higher affinity for the Tsome ranks the unfolded Tsome as the highest affinity H-NS binding partner defined to date.
H-NS may function in a postexcision capacity in Tn10 transposition
In addition to H-NS, a divalent metal cation (Me 2+ ) binding to the active site of transposase can induce Tsome unfolding. Furthermore, there is evidence that Me 2+ binding-induced unfolding promotes steps in transposon excision (8, 9) . In contrast, H-NS did not have any obvious effects on steps in transposon excision. A possible explanation for this apparent paradox is that the primary role for H-NS in Tn10 may be to stabilize unfolded Tsomes following donor cleavage. It is known that transitions from folded to unfolded Tsome forms coincide with the loss of Tsome signal in gel assays and a component of this is due to reduced Tsome stability (38) . Conceptually, it is not difficult to imagine why unfolded forms of the Tsome would be less stable than folded forms as the former lack subterminal contacts with transposase. Interestingly, H-NS was shown to stabilize at least two different forms of the unfolded Tsome, including the initial uncleaved form and a form in which donor DNA is absent from one transposon end (35, 36) . The ability of H-NS to stabilize a fully cleaved unfolded Tsome has not been tested, so at this point it can only be inferred that H-NS has the potential to stabilize this species.
Another way in which H-NS could function in a postexcision capacity is to ensure that IHF does not rebind to the unfolded fully cleaved Tsome (Fig. 2) . Refolding of this complex has major implications with regard to ASMscience.org/MicrobiolSpectrumthe frequency of intra-versus intermolecular transposition events. Tn10 is subject to a phenomenon called "target-site channeling" wherein the transposon ends are positioned within the fully cleaved Tsome in an orientation that favors self-destructive intramolecular transposition events (Fig. 2 ). This is a consequence of the subterminal region of the OE in a folded Tsome occupying the target site-binding cavity (6, 10) . In transposition reactions with supercoiled plasmids containing Tn10 derivatives, target-site channeling is manifested by the accumulation of a particular transposition product called an unknotted inversion circle (UKIC) (Fig. 3) . In the equivalent reactions supplemented with H-NS, target-site channeling was reduced as evidenced by the reduction in the level of UKIC and an increase in the level of transposition products indicative of unconstrained target-site interactions, including intermolecular transposition events. Importantly, the antichanneling effect of H-NS was blocked by increasing the amount of IHF added to reactions, which is consistent with H-NS and IHF competing for binding sites within Tsomes (39) . More generally, the capacity of H-NS to act as an antichanneling factor would be expected to increase the frequency of productive transposition events in the Tn10 system; this is consistent with the observation that the frequency of Tn10 transposition was reduced in strains of E. coli containing either an hns disruption or specific loss of function hns alleles, such as P116S (34) . Notably there is precedent in the HIV system for the intasome interacting with a host factor (BAF-1) to limit intramolecular insertion events (40, 41) . It will be interesting to see if there are any mechanistic parallels in terms of how H-NS and BAF-1 limit autointegration events.
H-NS and Tn5 transposition
Although the Tn5 Tsome does not contain a folded arm like the Tn10 Tsome, the DNA contains a significant bend (centered at base pair 2) (42). As such a bend could provide determinants for H-NS binding, studies were performed to determine if the Tn5 system might also be regulated by H-NS. Genetic studies revealed a drop in transposition of up to 6-fold for a Tn5 derivative under conditions of hns deficiency, suggesting a positive regulatory role for H-NS in this system (12) . It was subsequently shown that H-NS bound Tn5 Tsomes with high specificity and three potential binding sites within the Tsome were identified by footprinting and mutational analyses. Interestingly, these sites were found within the terminal 20 bp of the transposon end sequence, a region in which transposase makes all of its contacts. Of the three potential binding sites, only one has an optimal sequence for structure-specific H-NS binding, a 5-bp A-T stretch from base pairs 8 to 12. In fact, in silico docking of an H-NS dimer with the Tn5 Tsome revealed that an H-NS dimer could fit into the Tsome at this site without significant steric clashes. Cross-linking studies also revealed that H-NS could directly contact transposase specifically in the context of the Tsome, so that in the case of the Tn10 system binding determinants for H-NS in the Tn5 Tsome include both DNA and protein (43) .
The precise role of H-NS in Tn5 transposition remains to be established (see below), but it is important to note that the results of genetic studies are consistent with H-NS acting directly on transposition complexes, as opposed to acting indirectly through modulation of the gene expression of other factors that influence Tn5 transposition. Mutations introduced into Tn5 end sequences that blocked H-NS binding to Tsomes in vitro resulted in Tn5 transposition becoming insensitive to the H-NS status of cells (43) . With regard to a possible mechanism for H-NS function in Tn5 transposition it has been suggested that H-NS may function in Tsome assembly. This is based on the findings that H-NS can both promote Tsome formation and bind to a single end-T ase complex in vitro (12) .
REGULATION OF TN10 AND TN5 TRANSPOSITION BY Hfq Background
Work on H-NS regulation of Tn10 and Tn5 transposition led indirectly to the discovery of Hfq as an additional regulator of both these systems. Hfq is an RNA-binding protein that functions primarily in the regulation of gene expression at the posttranscriptional level. By facilitating the pairing of small noncoding RNAs (sRNA) with coding RNAs and the recruitment of RNaseE to transcripts, Hfq can influence both the translation and stability of mRNAs (27) . Hfq regulates hns gene expression by promoting the pairing of DsrA (a sRNA) and the hns mRNA. This pairing promotes rapid degradation of the hns mRNA and thus both DsrA and Hfq are negative regulators of hns gene expression (44) . In an attempt to look at the impact of increasing H-NS protein levels on Tn10 transposition, the transposition frequency of Tn10 was measured in both hfq and dsrA disruption strains. The hypothesis was that increasing H-NS protein levels would increase the frequency of intermolecular Tn10 transposition events. An increase in transposition of up to 80-fold was observed under conditions of hfq deficiency. However, dsrA deficiency did not have a significant impact on transposition. As DsrA is the mediator of posttranscriptional control of H-NS expression and Hfq is the accessory factor, it was inferred that the upregulation of Tn10 transposition seen in hfq deficiency was unrelated to increased H-NS protein levels. That is, Hfq acts independent of H-NS to downregulate Tn10 transposition (45) . the possibility was tested that Hfq might be inhibiting Tn10 transposase expression. Experiments with transposase expression reporters provided evidence of this as the transposase expression increased substantially under conditions of hfq deficiency. Importantly, the increase in transposase expression was observed only in the situation where the reporter construct included both the native transposase promoter and sequences required for translational control. This is most consistent with Hfq acting as a posttranscriptional regulator of transposase expression (45) . Roughly 20 years prior to the work described above a potent posttranscriptional regulatory system had been described for the Tn10 system. Tn10 encodes an antisense RNA (RNA-OUT) that is perfectly complementary to 35 nucleotides of the transposase RNA (RNA-IN) (Fig. 1B) . Pairing of the two RNAs, which occludes the ribosome binding site and start codon of RNA-IN, was shown to inhibit the translation of RNA-IN and decrease the stability of RNA-IN, thereby acting as a potent negative regulator of transposase expression and transposition (16, 47, 48) . As Hfq typically functions in riboregulation by aiding in the pairing of RNA species, the possibility was considered that Hfq might play a role in the antisense pairing system of Tn10. Consistent with this possibility it was found that the impact of disrupting the hfq gene on Tn10 transposition was greatly reduced (but not nullified) under conditions in which RNA-OUT was an ineffective inhibitor of transposase expression (i.e., when the transposon was present in the chromosome in a single copy). In addition, work in vitro demonstrated that Hfq could bind to both RNA-IN and RNA-OUT and accelerate the rate at which these molecules pair (45) .
Transposase expression and transposition assays were also carried out under conditions in which possible synergy between RNA-OUT and Hfq could be assessed. Blocking both RNA-OUT and Hfq expression gave about a 10-fold increase in transposase expression and transposition relative to when either factor was blocked in isolation. If the negative regulatory effects of Hfq were restricted to its action in the antisense system, then the magnitude of the increase in either transposase expression or transposition in double and single mutants would be similar. As this was not the case, this experiment provided evidence that Hfq can also function independently of the antisense system to downregulate Tn10/IS10 transposition (45). As described below, the results of in vitro Hfq-RNA-IN footprinting studies are at least consistent with the possibility that Hfq can bind directly to the translation initiation region of RNA-IN to inhibit the translation of this mRNA (Fig. 4) (49) . Notably, evidence has been presented in a few other systems that Hfq can bind directly to the translation initiation region to inhibit translation (50, 51, 52). However, the RNA-OUT independent pathway for Hfq regulation of RNA-IN expression has not yet been studied in detail and it will be interesting to find out if other genetic determinants are required for this level of regulation.
In some respects it was surprising that the Tn10 antisense system would have the need for a protein accessory factor. However, by binding sRNA-mRNA pairs Hfq can do more than simply increase the local concentration of potential pairing partners. A substantial body of work has shown that Hfq has the capacity to restructure RNA molecules (53, 54) . So, despite the fact that there are 35 nucleotides of perfect complementarity between RNA-IN and -OUT, the potential for these molecules to form a stable hybrid might be limited by the fact that RNA-OUT is a highly structured RNA. In fact, RNase footprinting of Hfq-RNA-OUT complexes revealed that Hfq destabilized the stem of the RNA-OUT stem-loop structure (49) . Notably, residues in the 5′ side of the stem are expected to basepair with the 5′ portion of RNA-IN. Previously, it was presumed, based on genetic studies, that preexisting discontinuities in the RNA-OUT stem would be sufficient to destabilize the stem for full pairing (55) . Interestingly, one such discontinuity (bulge 2) appears to be a binding site for Hfq (Fig, 3) . As Hfq was not previously implicated in the pairing reaction, the properties of mutations in the RNA-OUT stem previously used to probe aspects of RNA-IN/OUT pairing might be more complex than first appreciated. In addition to restructuring RNA-OUT, Hfq can also restructure RNA-IN. Structure probing studies on the first 160 nucleotides of RNA-IN yielded evidence for a basepaired stem involving a subset of residues (nucleotides 25 to 36) expected to pair with RNA-OUT. The addition of Hfq to RNA-IN160 destabilized this stem, raising the possibility that Hfq-mediated restructuring of RNA-IN might also be important for RNA-IN/OUT pairing (49) .
Details have been worked out regarding how Hfq interacts with RNA-IN and OUT. The results of a combination of footprinting and electrophoretic mobility shift assay analyses were consistent with the existence of three high-affinity Hfq binding sites within the first 160 nucleotides of RNA-IN and one high-affinity site within RNA-OUT (Fig. 4) (49) . Hfq has three functionally distinct RNA binding surfaces referred to as the proximal, distal, and lateral sites (Fig. 5) (56, 57) . In prototypical sRNA-mRNA pairs the body of the sRNA engages the proximal site and the body of the mRNA binds the distal site or both the distal and proximal sites (usually with a higher affinity for the former). The pairing (or seed) regions of both the sRNA and mRNA interact in the lateral site. Experiments with mutant forms of Hfq that were defective for either proximal or distal site binding (K56A and Y25A, respectively) were used to evaluate if RNA-IN/OUT pairings interact with Hfq, as is typical for an sRNA-mRNA pair. The results obtained were fully consistent with this. Moreover, it was found that both mutant forms of Hfq increased the expression of transposase and the frequency of IS10 transposition, as would be expected if Hfq were to play an important role in RNA-IN/OUT pairing in vivo (49) . Notably, RNA-IN and -OUT have not yet been tested for binding to the lateral surface of Hfq. To test further the importance of Hfq in RNA-IN/OUT pairing it will be important to establish if lateral site mutants fail to suppress transposase expression and transposition in vivo. The expectation is that these mutants will still be able to bind RNA-IN and RNA-OUT but will not suppress transposase expression and transposition because they cannot promote RNA-IN/OUT pairing.
One important caveat in the aforementioned in vivo studies is that since Hfq is a global regulator of gene expression, utilization of binding face mutants for determining the importance of Hfq in the IN-OUT pairing reaction could be complicated by the fact that the levels of other regulators of Tn10 transposition may be affected in these mutant hfq strains. For this reason it will be advantageous to determine if mutating Hfq binding sites in RNA-IN and -OUT also cause increases in transposase expression and transposition. However, this important undertaking has its own complications because disrupting an Hfq binding site typically requires multiple nucleotide changes in an RNA, and changes in RNA structure and stability may end up being dominant factors in the properties of such mutants.
An intriguing possibility arising from the Hfq-RNA-IN/OUT pairing story is that other antisense RNAs might utilize Hfq as an accessory factor in their pairing reactions. The impact of this possibility could be quite significant given the recent recognition, based largely on "RNA seq" and microarray experiments, of the large number of potential antisense RNAs produced in bacteria (58) . However, given the known role of Hfq in stabilizing sRNAs, it may be difficult to differentiate between the impact of Hfq on sRNA stability versus sRNA-mRNA pairing.
Hfq INHIBITS TN5 TRANSPOSASE EXPRESSION AT THE TRANSCRIPTIONAL LEVEL
Detection of an antisense-independent Hfq regulatory pathway in the Tn10 system led researchers to ask if a transposition system closely related to Tn10 but without a known antisense regulatory system might also be subject to Hfq regulation. Tn5 was chosen for study and the available evidence generated to date is fully consistent with Hfq acting as a potent negative regulator of this system. Transposition assays measuring transposition of the native Tn5 positioned in the chromosome of E. coli revealed an increase in transposition events of approximately 10-fold under conditions of hfq deficiency. Consistent with this, transposase expression from a single copy Tn5 reporter construct increased about 8-fold in hfq deficiency. However, unlike the Tn10 situation, the "up-expression" phenotype was detected in both transcriptional and translation fusion reporters. In the former most of the 5′ UTR of the transposase transcript was not present. Thus, it would appear that in this system Hfq is acting to regulate negatively transcription of the transposase gene. This was supported by the finding that the steady-state level of the transposase transcript increased about 3-fold in hfq deficiency (59) . Although Hfq is not typically associated with transcriptional control, there are some examples of hfq deficiency reducing transcript production independent of transcript degradation. For example, in the case of mRNAs RpsO, RpsB, and RpsT, which encode ribosomal proteins, it has been suggested that reduced transcript production in hfq deficiency might be due to Hfq binding to nascent transcripts during elongation to overcome pauses that otherwise might result in premature transcript release from the polymerase complex (60). As hfq deficiency caused an increase rather than a decrease in Tn5 transposase transcript levels, an alternative mechanism of regulation must be considered in this case. More generally, it will be interesting to get a sense of how prevalent Hfq regulation of transposition systems is. As Hfq is a central player in stress-response pathways and there are many (mostly anecdotal) examples of bacterial transposition systems being responsive to stress, Hfq might turn out to be a very important regulatory component of numerous transposition systems. 
FIGURE 5
Structure and RNA-binding properties of Hfq. Hfq monomers assemble into a homohexameric ring-shaped complex with three distinct RNA-binding surfaces. The proximal surface (located close to the N-terminus) preferentially binds short U-rich stretches of RNA with each nucleotide binding to a pocket formed from adjacent protomers. The opposite face of the hexamer is termed the distal surface and binds longer RNA sequences that are purine rich. Each monomer contains three nucleotide-binding pockets termed the A, R, and N sites, which interact with adenines, purines, and the sugarphosphate backbone, respectively. Each hexamer also possesses six additional RNA binding sites (lateral sites, not shown) positioned within each monomer between the distal and proximal sites. A lateral site can accommodate RNA extending from the proximal and distal sites. Hfq monomers are in red, blue, and green and RNA is in gold. Adapted from Nature Reviews: Microbiology (27) with permission from Macmillan Publishers. doi:10.1128/microbiolspec.MDNA3-0002-2014.f5
DEVELOPMENTS IN TN10 AND TN5 HAIRPIN FORMATION/RESOLUTION REACTIONS
A unique feature of the Tn10 and Tn5 excision reactions is that they take place through a DNA hairpin cleavage intermediate. It was originally proposed from work in the Tn10 system that this mode of excision provided a solution to the general problem of how a single molecule of transposase with a single active site could make a flush double-strand break in a DNA molecule to release transposon from flanking donor DNA sequences (4, 61) . Subsequently, the hairpin mechanism for transposon excision was discovered in a number of eukaryotic transposons that employ a cut-and-paste mechanism (62, 63, 64) . Given the unusual nature of the hairpin cleavage reaction there was a lot of interest in understanding the molecular details of the reaction. The structure of the Tn5 transpososome provided a crucial framework for understanding aspects of the hairpin reaction even though the crystallized complex can be considered a postexcision complex. First, this structure revealed an interesting deformation in the DNA structure that included a flipped-out base at the second residue of the nontransferred strand. Second, the structure provided clues as to the identity of amino acid residues in transposase that are likely to play key roles in the hairpin reaction (11) .
A central issue in the hairpin reaction is how the 3′ OH of the transferred strand, exposed after first strand nicking, is able to carry out an in-line nucleophilic attack on the phosphodiester bond located directly across the helix some 16 to 18 angstroms away to generate the hairpin and simultaneously release the donor DNA from the transposon end. A deformation in the DNA structure involving the breaking of perhaps multiple base pairs in the vicinity of the transposon-donor junction would have to occur to bring together the aforementioned moieties. A bend in the DNA of the Tn5 transpososome centered at base pair 2 had previously been identified and thus, prior to the detection of the flipped base in the crystal structure, it was already recognized that the structure of the junction region was substantially deformed. Finding that a flipped base was part of this deformed structure was somewhat surprising. In other systems in which base flipping had been seen, the production of an extrahelical base fits well with the biology of this system. For example, base flipping by M. HhaI exposes what otherwise would be an inaccessible base for methylation and removal of damaged or mismatched bases by DNA glycosylases is aided by the damaged or mismatched base becoming extrahelical (65, 66) . It was less obvious what the function of the flipped-out base would be in the Tn5 hairpin reaction. Of course, one possibility is that base flipping was simply part of the mechanism for providing the necessary strand separation for hairpin formation.
An elegant series of studies from the Chalmers lab first confirmed through structure probing and protein-DNA cross-linking studies that base flipping does, indeed, occur in both Tn5 and Tn10 systems and that it is critical for hairpin formation. They then went on to provide a sound biological rational for why production of an extrahelical base is a good fit for this class of reaction. In addition to contributing to the structural change in the junction that permits hairpin formation, it appears likely that the extrahelical base makes protein contacts that are necessary for the subsequent chemical step where the hairpin is reopened (or resolved) (67) .
Briefly, in both Tn5 and Tn10 systems, base flipping appears to be driven by a combination of DNA bending and insertion of a "probe" residue into the helix (W323 in Tn5 and M289 in Tn10). The flipped base is stabilized in its extrahelical position by insertion into a pocket where it stacks onto a tryptophan residue (W298 in Tn5 and W265 in Tn10). In the case of Tn10, mutation of either the probe residue or the "stack" residue to alanine negatively affected both hairpin formation and resolution. Furthermore, when the flipped base was converted into an abasic residue so that no interaction between this residue and the stack amino acid could occur, there was a significant negative effect on hairpin formation and resolution implying that these steps require a basespecific contact (T-2) with W265 (67, 68) . Further evidence of the importance of W265 in hairpin formation/ resolution was provided by studies preceding the Chalmers work in which it was found that mutating W265 altered the fidelity of the hairpin formation and resolution reactions, an occurrence that certainly could be explained by the stacking residue participating in the guiding of the nontransferred strand into the active site for hairpin formation through its interaction with the extrahelical base (69).
IS10 AND SYNTHETIC BIOLOGY
A major objective in the field of synthetic biology is to coordinate the expression of a set of (often heterologous) genes in an organism for the maximal production of a desired protein product. Typically, this requires modulation of the levels at which a set of genes within an operon are translated. In addition, if gene expression is linked to RNA processing, it may also be important to increase the stability of processed transcripts produced from an operon. Accordingly, custom-designed riboregulators have become an integral part of the discipline (70) . Towards this end researchers have turned to modifying natural antisense systems rather than the de novo development of riboregulators to create novel orthogonal (high specificity with low off-target pairing) yet homogenous (similar kinetics and mechanism of pairing) RNA-based regulators of gene expression (71) . These antisense RNAs can be designed to sense external metabolites as well as protein concentrations, and provide specific regulation of gene expression based on RNA: RNA interactions. The IS10 antisense system has been extensively studied since 1983, and has a defined mechanism of pairing making it a convenient system for developing new riboregulators. Pairing begins between five nucleotides in the loop of RNA-OUT and the 5′ end of RNA-IN and ultimately results in 35 bp forming to inhibit translation initiation of RNA-IN (Fig. 1B) (48, 72) .
Mutalik et al. mutated the 5-nt seed region in RNA-OUT and expressed these RNAs in the presence of a minimal RNA-IN-GFP reporter system to create a library of IS10-derived orthogonal regulators of translation (73) . The goal of this work was to define the design parameters for constructing functionally homogenous yet orthogonal antisense regulators. By mutating the seed region to all possible combinations as well as introducing two exogenous nucleotides, this study produced 56 RNA-IN/OUT pairs. Half of these pairs were assayed for the in vivo repression of the RNA-IN-GFP translational fusion, and most cognate pairs showed >5-fold repression relative to no RNA-OUT. This work also tested the repression of RNA-OUT variants that were not perfectly complementary to RNA-IN (529 combinations) and showed that off-target repression could occur, with some RNA-OUT variants able to regulate multiple RNA-IN targets, and some RNA-IN targets repressed by multiple antisense RNAs. However, over 1000 "families" of compatible antisense pairs (i.e., <20% cross talk between family members) were identified ranging from three to seven family members. Ultimately, this work determined that the hybridization energy of the 5-bp seed region as well as the total hybridization energy of the RNA-IN/OUT pair were effective predictors of regulatory function. The authors speculate that the IS10 antisense system is a convenient platform for designing new RNA-based translational regulators that could target any gene of interest, provided the regulatory RNA contains a similar structure to RNA-OUT, as well as satisfying the thermodynamic constraints.
The IS10 antisense system has also been engineered to become responsive to an external ligand. Since the loop of RNA-OUT is critical for antisense pairing with RNA-IN, Qi et al. hypothesized that an engineered pseudoknot interaction between a ligand-sensing aptamer and RNA-OUT would result in an inducible translational regulator (74) . The theophylline aptamer, which consists of a small RNA stem-loop structure with two internal loops that bind theophylline, was selected as the allosteric regulator of RNA-OUT. A chimeric noncoding RNA (ncRNA) was designed such that a pseudoknot would form between the loops of RNA-OUT and the aptamer in the absence of theophylline. This pseudoknot would sequester the loop nucleotides in RNA-OUT, disrupting antisense pairing. The addition of theophylline would prevent the pseudoknot from forming, allowing RNA-OUT to basepair with and prevent translation of RNA-IN. Expression of an RNA-IN-GFP translational fusion was repressed ∼6-fold only in the presence of theophylline, and in vitro footprinting confirmed that the loop nucleotides of RNA-OUT become single stranded in the presence ligand.
RNA-IN/OUT pairing has also been used in conjunction with the pT181 transcriptional attenuator for RNA-based transcriptional regulation (75) . Transcription attenuators form alternate RNA secondary structures within a leader transcript that either allow (ON) or block (OFF) elongation. RNA:RNA interactions between the attenuator and a regulatory ncRNA can stabilize the "OFF" state, resulting in an antisense RNAregulated transcriptional switch. Owing to complex RNA pairing pathways, natural attenuators cannot easily be reprogrammed to alter specificity. Takahashi and colleagues designed a modular transcriptional attenuator using RNA-IN/RNA-OUT pairing for the antisense control of a pT181-derived attenuator. Since the pT181 attenuator stem-loop structure is essential for regulation, the authors reversed the natural roles of RNA-IN/RNA-OUT, resulting in a trans-acting RNA-IN (nt 1 to 40 of natural RNA-IN) base pairing to a chimeric RNA-OUT/ pT181 attenuator. When the "top half" of RNA-OUT was included in the chimeric attenuator, the trans-acting RNA-IN was able to repress effectively the expression of a reporter gene by close to 4-fold. Furthermore, mutations to the loop region of RNA-OUT and the complementary positions on RNA-IN were introduced to produce a family of mutually orthogonal transcriptional attenuators all derived from the IS10 antisense system.
The three studies discussed above use the IS10 antisense system as a platform for designing new orthogonal RNA regulators of translation and transcription.
However, the role of Hfq in facilitating antisense pairing was not considered. In particular, the RNA-IN/RNA-OUT regulated transcriptional attenuator was not functional until the sequences on RNA-OUT containing the putative Hfq binding site were included. However, this may only be a coincidence, as the authors suggested a complicated RNA structure forming between RNA-IN and the transcriptional terminator used in the expression construct was responsible for blocking antisense pairing.
CONCLUDING REMARKS
The study of transposons Tn10 and Tn5 has provided a wealth of information regarding steps in cut-and-paste transposition, Tsome dynamics and structure, and mechanisms used to regulate bacterial transposition. Current research on Tn10 and Tn5 is focusing mainly on newly discovered host regulators (H-NS and Hfq) of both transposons and attempts to define the mechanisms by which these regulators act to control transposition. In addition, there have been some clever applications of IS10 antisense pairing in the emerging field of synthetic biology. These applications add to the long list of biotechnical applications (not discussed here) that have evolved out of detailed knowledge of both transposition systems (25, 76) . With regard to the regulation of transposition it is intriguing that Tn5 and Tn10 are affected by proteins that are themselves considered global regulators of gene expression. This potentially provides a means of linking these transpositions systems to the physiological state of the cells they inhabit. It is also interesting that one of the factors, Hfq, is a negative regulator of transposition while the other, H-NS, is a positive regulator of transposition. Accordingly, the two transposition systems could respond in either direction to changes in cell physiology. Although the original work on Tn10 and Hfq focused on Hfq working through the antisense RNA system of Tn10, it may be more relevant (with regard to the possibility of Hfq playing a more general role in transposition systems) that Hfq can exert its regulatory effects on Tn10 and Tn5 independent of antisense RNAs. At this point it is not known if a broader collection of transposons will show evidence of Hfq regulation. On the one hand, the component insertion sequences of Tn10 and Tn5 are in the same IS family and so perhaps it is not surprising that they would be subject to similar regulatory mechanisms. On the other hand, Hfq-mediated riboregulation of bacterial transposition systems might turn out to be a common phenomenon, much like RNAi in eukaryotic systems. The simplest means of identifying other transposition systems involving Hfq regulation would be cloning en masse transposase genes into gene-expression reporters and looking for an impact on transposase expression under conditions of hfq deficiency.
It should be recognized that with regard to understanding regulatory pathways for transposition systems that involve Hfq we might only be seeing the tip of the iceberg. For example, in the Tn5 system it is likely that Hfq is regulating the level of an as-yet unknown transcription factor or group of transcription factors. Presumably, genetic studies will provide a means of working out the details of this/these pathway(s). In the Tn10 system, details of the antisense independent Hfq pathway remain to be elucidated. The bottom line is that studying some of the old mainstays of the "bacterial transposition world" continues to provide new insights into a class of genetic elements that has fascinated us for over 50 years.
